Physics 1A - Winter 2016
Lecture 3

FINAL EXAM



Problem 1.

Two identical boxes slide down different ramps pictured above having started at rest
from their tops. The boxes start at the same height. The coefficient of kinetic friction gy
between the boxes and the ramps is the same in both cases, and both ramps are fixed to
the ground. The coefficient of static friction is not large enough to prevent the blocks from
sliding down the ramps.

Let box A be the box on the left, and let box B be the box on the right. Consider the
following statements:

I. The speed of box A is greater than the speed of box B when they reach the bottoms
of their ramps.

II. The speed of box A is less than the speed of box B when they reach the bottoms of
their ramps.

III. The speed of box A is the same as the speed of box B when they reach the bottoms
of their ramps.

Questions.

(a) Use force methods (energy methods not allowed!) to determine which if these state-
ments is true when g # 0. You'll find it useful to name your own relevant variables
so that you can answer this question mathematically.

(b) Use energy methods to determine which if these statements is true when py # 0. You'll
find it useful to name your own relevant variables so that you can answer this question
mathematically.

(c) Does the answer change when py, = 07 Justify using your answers from the previous
parts.

Solution.



(a)

(b)

We’ll determine the speed of the box at the bottom of a ramp of height h and whose
surface makes an angle 6 with the horizontal, then we’ll see how the speed varies as
a function of #. Box A slides down a ramp with a larger value of 6, so we should be
able use the functional dependence of the speed at the bottom on theta to determine
if it reaches the bottom of the ramp with a speed that is greater than or less than that
of box B. Our strategy for finding the speed at the bottom using forces will be to use
NSL to determine the acceleration of the box in the direction parallel to the surface of
the ramp, and then use kinematics to determine its speed at the bottom.

If we draw a free body diagram for a box on a ramp of height h and angle 6, and if
we orient our axes so that the positive z-axis points down the ramp, while the positive
y-axis points upward, perpendicular to the ramp, we obtain the following equations
from NSL in the z- and y-directions:

mgsinf — fr = ma,, N —mgcosf =0 (1)

where f; is the magnitude of the force of kinetic friction. We also have the following
relationship between the magnitude of the friction force and the normal force:

Jr = ueN. (2)

This is a system of three equations in three unknowns fi, N, a,. We only really want
to solve for a,:

a; = (sin@ — py cos)g. (3)

The kinematics equation U%x = vﬁm +2a,(zy — f;) then allows us to solve for the speed
at the bottom of the ramp. The length of the part on which the box slides in terms of
the height h and angle 6 of the ramp is z; — x; = h/sinf. Therefore we have

—_— 1 h - //l/k
Vig = \/2(51110 e COS@)QE VvV Qghm @

Notice that since tanf is an increasing function of 6, the expression uz/tané is a
decreasing function of 6, so the expression 1 — p/tan@ is an increasing function
of #. Therefore, the speed at the bottom of the ramp is greater for larger 6. So
statement [ is true.

We reproduce the expression for vy, using energy methods, then the rest of the reason-
ing from part (a) carries over unscathed. We set the zero of potential energy to be the
bottom of the ramp, then the potential energy at the top equals the kinetic energy at
the bottom minus the work done by friction since friction is the only non-conservative
force that performs nonzero work:

1, h
mgh = MU = (—ukmg cos Hﬂ) (5)



(c)

solving for vy gives precisely the expression obtained through force methods in part

(a):
N g

When there is no friction, p, — 0, and the expression for v; reduces to \/2gh, an
expression independent of #. This makes sense because when there is no friction, the
kinetic energy of the block at the bottom is the same as the potential energy at the
top, regardless of the ramp’s length.

Well aint that nifty!



Problem 2.

Consider the apparatus above. All pulleys and ropes are massless.

()

(b)
(c)
(d)

In limit mp — 0, would you expect the magnitude of the acceleration of mass A to be
greater than, equal to, or less than g7 Explain using physical reasoning.

Determine an expression for the acceleration of mass A in terms of the given variables.
Determine an expression for the tension in the top rope in terms of the given variables.

Does your mathematical answer in part (b) agree with your answer in part (a)? Ex-
plicitly verify this mathematically. If the answers don’t agree, you should consider
re-evaluating either your math, or your intuition, or both.

Solution.

(a)

(b)

In the limit mp — 0, the situation effectively reduces to mass my suspended from
a rope that is wrapped around the pulley. Since the pulley is massless, it’s rotation
will not impede the motion of mass m,, and we would expect it to fall freely — the
magnitude of its acceleration should be equal to g.

Applying Newton’s Second Law in the y-direction (which we take upward positive)
to mass A, mass B, and the pulley from which mass B hands, we find the following
Newton’s Second Law equations:

Ty —mag =maaay, Tp —mpg = mpag,, Ty—2T5 =0. (7)

This is a system of three equations in four unknowns 7’4, T, a4, ap,. We are missing
an equation. As always, when we’re at this point in such a problem, we should look



(c)

for some constraints. It should be pretty clear from the diagram that the accelerations
of the two masses are related somehow, but how exactly? By drawing one of our
standard diagrams for deriving constraints, we find the following relationships between
the positions y4 and yp of masses A and B, the positions yp 4 and yp g of the pulleys
from which they hang respectively, the radii R4 and Rp of those pulleys, and the
lengths ¢4 and ¢ of the ropes from which masses A and B hang. We take the ground
to have position y = 0.

Ypa —Ya+TRA+ypa —yYpp = la (8)
ypp — 0+ 7R +ypp —yp = {p. (9)

Taking two time derivatives on both sides of these equations, and taking note of the
fact that the positions of the upper pulley, the radii of both pulleys, and the lengths
of both ropes are constant, we find

—Q0Ay — GPB =0 (10)
ZCLP,B —aBy = 0. (11)

Combining these equations gives the desired constraint relating the accelerations of the
two masses:

apy = —2a4,. (12)

Now we’re cookin’! Combining this with our NSL equations gives four equations in
four unknowns, and we can solve. Well I dunno about you, but I'm pumped to do
some algebra. Using the last NSL equation to eliminate Tpg in favor of T4, and using
the constraint to eliminate apg, in favor of a,,, we obtain the following system of two
equations in two unknowns for Ty and a4 ,:

1

Th—mag =maaay, §TA—mBg:mB(—2aAyy). (13)

If we subtract twice the second equation from the first, then we eliminate 74 and
obtain the following equation for a4 ,:

—mag +2mpg = maaa, +4mpaga,, (14)

2mp — ma
=|—9q| 15
@Ay dmp + mAg ( )

Using the same system of two equations in two unknowns from the last steps in part
(b), we can easily now compute the tension in the rope holding mass A since we already
know its acceleration:

and therefore:

2mB—mA) _ bmamp (16)

Th=m a =my |1 =& =
4 A(Q"’ A’y) A( +4m3+mA dmp + mgy



As specified on the exam, the ”top rope” refers to the rope holding up the top pulley.
Applying NSL to this pulley shows that the tension T in this rope is twice T4. So we

have
12
T = | —2MAMB (17)
4mB + ma
(d) When mp — 0, we find that a4, — —(ma/ma)g = —g as described in our prediction
above.



Problem 3.

—0 —=O0
m m

<[
<

In the diagram on the left, a small block of mass M is connected to a massless string
of length ¢ that is frictionlessly pivoted at its end so it can spin around in a vertical circle.
In the diagram on the right, an identical block of mass M is connected to a rigid, massless
rod of length ¢ that is frictionlessly pivoted at its end so it can spin around in a vertical
circle. In both cases, the block starts out hanging at rest, and a clay pellet of mass m is
fired horizontally at the block and gets lodged inside.

(a) In which case would you expect the pellet needs to be shot with a higher speed for the
block to move all the way around in a vertical circle with radius £7

(b) In the case on the left, with what speed does the pellet need to be shot at the block
so the block will make it all the way around in a vertical circle of radius £7

(c) In the case on the right, with what speed does the pellet need to be shot at the block
so the block will make it all the way around in a vertical circle of radius £7

(d) According to your answers to parts (b) and (c), in which case does the speed of the
pellet need to be greater? Does your mathematics agree with your intuition from part

(a)?
Solution.

(a) The block attached to the rod can make it all the way around the circle by just barely
having a nonzero velocity at the top, but if the block attached to the string had such
a low velocity at the top, then it would fall under the influence of gravity with no rigid
rod to keep it up, so I'd expect that the block attached to the string would need a
larger initial speed at the bottom, and therefore the pellet would need to strike the
block with a higher speed.



(b)

(d)

We take the positive z-direction to the right and the positive y-direction upward.
When the pellet strikes the block attached to the string, we can apply momentum
conservation in the z-direction to obtain a relationship between the velocity vpottom Of
the combined pellet + block system directly after the collision to the velocity v of the
pellet before the collision in the z-direction.

mv = (m + M )Vpottom (18)

We can then use mechanical energy conservation to relate vpottom t0 Vtop, the velocity
of the pellet + block at the top of its trajectory:

1 1

E(m + M)Ugottom = i(m + M)Ui?op + (m + M)g(zg) (19>
Finally, if we want the pellet + block system to just make it around the circle, then
this corresponds to the string just barely going slack at the top. This means that only
the force due to gravity will apply to the system at the top, and NSL in the y-direction
at that moment gives

2

—(m+ M)g = —(m + M) =2, (20)

We thus have a system in three equations in three unknowns v, Upottom, Vtop. S0lving
for v gives

M
v = m;i—n v/ byl |. (21)

The case on the right which includes the rod instead of the string is different in the
respect that because the rod is rigid, it could potentially exert an external force on
the pellet 4+ block system during the collision and change its momentum. We can
get around this by using angular momentum conservation in the z-direction instead,
which, taking the point at which the rod is fixed as the axis of rotation, gives

mvl = (m + M)vpottom? (22)

This case is also different in the respect that the condition for the block to make it
around the circle is different. In fact, the velocity of the block at the top can just barely
be zero, and it will still make it around the circle. Therefore, the energy conservation
equation should read

1
(1 + M) = (0 + M)g(20) (23)
We now have a system of two equations in two unknowns v, vpettom. Solving for v gives
M
v=|TFM Jagi| (24)
m

We see from our answers that the speed of the pellet needs to be greater in the case
with the string since /5 > v/4. This aligns with out intuition from part (a).



Problem 4.

A large, uniform solid disk of mass M and radius R initially spins on the surface of a
flat, frictionless surface at an angular speed w. Its center of mass is initially at rest relative
to the table. Recall that the moment of inertia of a uniform solid disk for rotations about
an axis passing through its center of mass and perpendicular to its face is M R?/2.

Josh and Nancy are initially standing diametrically opposite one another on the edge of
the disk (so the initial distance between them is 2R). Next they walk directly toward one
another along the diameter joining them until they meet at the disk’s center.

They both move with the same speed as a function of time and they both have mass
(¢/4)M where c is a unitless constant. Let P denote the total momentum of the Josh +
Nancy + disk system. Let L denote the angular momentum of the Josh +Nancy + disk
system in the direction parallel to the axis of rotation.

(a) Is P conserved as Josh and Nancy walk to the center?

(b) What is the motion of the center of mass of the disk as Josh and Nancy walk to the
center?

(c) Is Lj conserved as Josh and Nancy walk to the center?
(d) Determine the angular speed of the disk when Josh and Nancy are at its center.

(e) Is the mechanical energy of the system conserved as Josh and Nancy walk to the center?
If it is conserved, prove it. If not, compute the change in mechanical energy and show
that it’s nonzero. In both cases, give physical reasoning to explain why your answer
makes sense as well. If it doesn’t make sense, you may consider re-evaluating either
your intuition about this scenario, or your math, or both.

(f) What would you expect the answer to parts (d) and (e) would be in the limit ¢ — 07
Do your mathematical answers agree with these expectations?

Solution.

(a) Since there is no friction on the surface, the net external force on the system in the
horizontal direction, the total momentum of the system in that direction is certainly
conserved. Moreover, as long as Nancy and Josh walk in such a way that their centers
of mass don’t accelerate appreciably in the vertical direction, the vertical position of
the center of mass of the system remains stationary, so the total momentum of the
system in that direction is conserved as well.

(b) Since the total momentum of the system is conserved, the acceleration of the center
of mass is zero as Nancy and Josh walk. Since the center of mass starts at rest, it
therefore stays at rest.

10



(c)

(d)

(e)

(f)

We take the plane of rotation of the disk to be the z-y plane. The only external
forces on the system are gravity and the normal force, both of which are in the vertical
direction. Therefore, the torques they exert can only be in the z-y plane. As a result,
the net external torque in the z direction is zero, so the angular momentum in that
direction, which is precisely Ly, is conserved.

We use angular momentum conservation in the vertical direction, taking the axis of
rotation of the disk as the location of the origin. The angular momentum of the system
before Nancy and Josh have started walking is therefore

1
L.;= (EMRQ + EMRQ + 5MR2) w (25)

when Nancy and Josh are at the center of the disk, the final angular momentum is

1
L.;= 5MR%f (26)

Setting L. ; = L. y and solving for w; gives

wr=|(c+ 1w (27)

The initial and final gravitational potential energies of the system are the same since
no object moves vertically as Josh and Nancy walk from the edge to the center, but
the initial and final kinetic energies may not be the same. The initial kinetic energy is

1l /e 9 C 5 1 9 o le+1 9 9
K,—2<4MR +4MR +2MR)(,¢)— 5 MRw (28)
the final kinetic energy is
1/1
The difference is therefore
Kf—Ki:(C+1)Ki—Ki:CKi>O (30)

The kinetic energy of the system increased! Does this make physical sense? Yes. In
order for Josh and Nancy to walk to the center, their bodies need to expend some
potential energy from the food they’ve presumably eaten earlier in the day, and this
energy shows up in the end as an increase in the kinetic energy of the system.

When ¢ — 0, this corresponds to the masses of Josh and Nancy vanishing. In this
case, one would expect that their walking to the center has no affect on the angular
speed of the disk, and therefore no effect on the kinetic energy of the system as well.
So one would expect that wy — w and Ky — K; — 0. This is precisely what we find in
our mathematical answers since wy = (¢ + 1)w = w and Ky — K; = cK; — 0.

11



Problem 5.

(a)

(b)

Consider a projectile launched at speed v angle 6 relative to the horizontal on flat
ground near the surface of a planet with gravitational acceleration gp. Derive an
expression for the range rp of the projectile on this planet.

If an object of mass m is a distance r away from the center of a planet of mass M,
then it experiences an attractive gravitational force of magnitude

B GMm

F="7

(31)

where GG is Newton’s gravitational constant. Using Newton’s Second Law to set this
equal to the object’s mass times the magnitude a of its acceleration, we find that the
object’s gravitational acceleration is independent of its mass, but depends on G, M
and 7:

(32)

In other words, it depends only on a fundamental physical constant, the mass of the
planet, and the distance to the planet’s center. If the object is at a height h above
the planet’s surface, and if the planet’s radius is R, then the gravitational acceleration
becomes

(33)

a =

GM__GM (  h -
(R+h)2 R2 R

What is the Taylor expansion of the acceleration due to gravity in the variable x = h/R
about z = 0 including only the first three nonzero terms?

Useful observations. You should find that the first non-vanishing order equals
GM/R?>. When you are close to the surface of the planet, only this first nonzero
term is significant because x = h/R will be extremely small, so this expression gives
the acceleration due to gravity near the planet’s surface.

GM
R% "~

gp = (34)
In the case of Earth, one can for example show that by using this term to compute the
acceleration due to gravity, the quantity GMg/R% gives a value very close to g, where
My is the Earth’s mass, and Rg is the Earth’s radius. In other words, one can predict
the acceleration due to gravity near the Earth’s surface using its mass and its radius!

12



(c)

Alice is on planet A whose mass is Mg /2 and whose radius is Rg. Bob is on planet B
whose mass is v3Mp and whose radius is vV2Rp.

Alice throws a ball at a speed v at a certain angle relative to the ground that maximizes
the range of the thrown object. Bob throws a ball at speed v/2v and at an angle 6
relative to the ground, and the ball ends up having the same range as Alice’s ball.

At what angle 6 did Bob throw the ball?

Solution.

(a)

(b)

The z- and y-positions of a projectile as a function of time are
: L,
x = vcosbt, y = vsinft — Egpt (35)

The projectile strikes the ground when y = 0. Using this condition in the y-equation
gives a unique nonzero time which is the time at which the projectile strikes the ground
after having flown along a parabola:

2
t = —wsind. (36)
gr

Plugging this into the x-equation gives the desired expression for the range:

v? v?
rp = —(2cosfsinf) =|—sin(260) | (37)
gp 9

Using the definition z = h/R, we have

GM

i (14 2)72 (38)

a =

To determine the Taylor expansion of this expression about x = 0, we notice that

(1+z)7?| _, =1 (39)
d T
—(1+1) | =2 (40)
d? T
@(1 + ) ‘x:O =6 (41)

so by Taylor’s formula we have

GM (1 (=2)z 622 GM 9
“:F(5+T+T+'” S| s ) (1Y)
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(c) Using the range formula from part (a), we can compare the ranges of the balls thrown
by Alice and Bob:

ra _ (v3/ga)sin(204)

0% gpsin(26,)
B

('UQB/QB) SiH(QQB) N 'UQB ga m (43)

Since the Alice throws at a range-maximizing angle, we have 04 = 7/4 so sin(20,4) = 1.

Since the ranges are the same, r4/rg = 1. We also see from the information in the
problem that

——— 44
vy 202 2 (44)
and

g2 GMus/R%y  MsR%} Mgp/22R% 2
Putting all of these facts together gives
12+/3 1
1= —i,— (46)
2 2 sin(20p)
Hence, we find that
3
sin(205) = g

which implies 205 = 7/3 and therefore O =

/6|
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